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Abstract

Diazo-type
integrated
resists at

positive photoresists are commonly used for pattern replication by the
circuit industry in a thickness range e 0.3-3wT. We are using these same ~
thicknesses as great as 40um to form electroplating molds for the fabrication

of micrO-Fresnel zone plates. Difficulties are encountered when films thicker than
15-18LmIare used for pattern replication. Most significant of these difficulties are::.i)
the ccc”rance of bulk micro fractures throughout tbe resist volume, ii) loss of UV ,

.
sensitivity, and iii) sidewall taper in high aspect ratio structures. These
clifficulties, with tbe exception of the sidewall taper, can be overcome with appropriate
resist processing schedules.

Introduction

Ultratbick photoresist is being used as an electroplating mold in the fabrication of
free standing, gold Fresnel zone plates. Tbe zone plates are used in coded imaging
experiments to diagnose tbe x-ray and particle emissions from laser produced plasmas. 1
FigUre 1 illustrates the zone plate geometry. It is characterized by the number of zones

,

Figure 1. Zone plate photomask with 100 zones and an outer zone
,}

width of 5um. —

(n), tbe width of tbe outermost zone (Am, , and the material thickness (t). The
features of a “geometric” zone platez are related by tbe following expression:

rn = rlfi (n = 1, 2, 3, 4,. ..)
where rn is the outer radius of tbe nth zone.

When used in coded imaging experiments, the attainable spatial resolution of the zone
plate camera is proportional to the minimum zone width (Am, , the tomographic
resolution is inversely proportional to the number of zones (n), and the energy of the
x-rays or particles that can be imaged increases with increased zone plate thickness
(t). Ceglio and Smith have discussed tbe use and fabrication of gold zone plates with
thicknesses up to lpm. 3 Because of the need for a high energy x-ray imaging capability,
we have extended these techniques to fabricate gold zone plates as thick as 38um,
providing an imagjng capability to - 40kev. Table I provides a listing of parameters
(n, Am, t) for free standing, gold zone plates routinely produced in our laboratory.
Figure 2 is a S134micrograph of a gold zone plate that is 12pm thick, bas a minimum zone
width of 5um and is comprised of 240 zones. The radial struts are used solely for

*Work performed under tbe auspices of the U. S. Department
Livermore Laboratory under contract number W-7405-ENG-4LI.

of Energy by tbe Lawrence



No,OF
ZONES

n

100

100

100

w

240

240
.

TABLE-I

DIMENSIONSOF FABRICATEDZONEPLATES

OIAMETER OUTERZCINE
.4 IIIDTH

d[.m) Ar(”.)

0<4 1,0

1 2,5

.2 5.Z

5 5,2

10 10,4

14,4 15

THICKNESS

tl..l

2

6

(3-lo)

(7-18)

(Z4-36)

(28-38)

TWlCKNESS/
HtfITHRADIO

t/Ar

240

2.4

(0,6-2,0)

(1,3-3,6)

(2.4-3,6)

(1,9-2,5)

Figure 2. SEM micro.graphs of a 12um thick gold micro-Fresnel
zone plate. Arn = Sum, n = 240.

structural support. An illustrative outline of the procedure used for the fabrication of
thick zone plates is presented in Figure 3. Essential to the success of this procedu~
are stePs 2-4, ProcQssin9 the ultfathick photOresist layer, which is subsequently used,as
an electroplating mold. We have investigated the problems and limitations of “ltrathick
positive photoresist processing and have developed techniques for the replication of
microstructure patterns in 40um thick photoresist films. In the following sections we”
detail the processing techniques which have been developed, while discussing the problems
and limitations incurred.

Processing Problems

Pattern replication in positive photoresist is usuallj carried out in thin films
(0.3-3um) . The processing details and procedures for this range aze “en established.:
Because Of our need for narrow Iine”idths (1-1OPIII)i“ o“r thick micro-~ resnel St.”ct”res

I we have pursued pattern replication in these same positive photoresists. Negative ..
pbotoresists were not found suitable for our purposes because of their lower contrast.;{L_-_..
ratio which results in lower aspect structures and because of their tendency to swell :
during development which could cause adjacent bars of resist to touch and bridge together.

.

We have found significant changes in the processing requirements as photoresist
thickness increases. There are difficulties incurred with ultra thick pbotoresist fflms
that are either non-existent or of minor consequence for thin films. This is not
surprising since important photoresist parameters such as:

. W absorption length (la)

. Generated gas (N ) diffusion l.mgth (Id)
4. “Diffraction Ien th” (a2/x)

do not scale with the increase in photoresist thickness. As
resist thickness, Tr>> ~a, extremely long exposure times are

. .. ..

a reSult, when the photc-
required and non-

.
,, ,,

.“
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Figure 3. Zone plate fabrication sequence.

uniform photoresist exposure may result. When Tr> > td, internal stresses can build
up within the bulk of the photoresist during uv exposure as evolved gasps must traverse a
long diffusion path in order to escape (See Appendix) . And when Tr>>a ii diffra~ti On
spreading of the W light witbin the thick resist layer affects the geometry of the thick
resist pattern producing tapering of the resist sidewalls (a . pattern line~idth,
wavelength) .

‘i=rJ”

In developing successful processing schedules for photoresist film thicknesses in the’
7-40vrnrange we identified a number of specific problems. Some of these were minor and
perhaps best classified as mere inconveniences. Examples’ are: resist thickness
non-uniformity and irreproducibility; long exposure time requirements; and brittleness
of thick resist patterns. Other problems were major, requiring significant changes in
processing schedules and careful control of same. In particular, we observed the
occurance of micro fractures throughout the volume of thick resist layers during W
exposure. This phenomenon co@d be controlled by extended prebake which in some cases
led to a serious reduction in photoresist sensitivity unless followed by appropriate
humidity conditioning. For ultrathick pbotoresist patterns (-40pm) a delicate balance
between prebake and humidity conditioning schedules had to be maintained in order to
achieve success. Finally, some problems - such as sidewall taper - are more fundamental
and rea”ire a change in W wavelength or pattern line..vidth(i.e. reduction in ~tr”ct”re,.
aspect ratio) for abatement. In the follo”ing paragraphs, we discuss in detail each of
these classes of problems describing their occur.ante, possible causes, and procedures
used for their control.

Minor Prob~

Resist Thickness Irreproducibility and Non-Uniformity.
method of

This problem is related to the
resist application. Ideally, the resist film should be flat so that there are

no gaps between the photomask and resist during contact printing.
to be able to reproduce a given thickness time after time.

It is also desirable
There are several methods “

that can be used to apply photoresist films to a substrate:
3) dipping and 4) roller coating. *

1) spinning, 2) spraying,
When “si”9 any of these application metbOds fOr .,

.
ultrathick films, it is necessary to use multiple coatings of viscous pbotoresist.
Unfortunately, successive coatings dissolve previous layers even when short prebakes are
u6ed in between. This results in a buildup of the resist thickness that is mt linearly
related to the number of coatings applied. In addition, the thickness uniformity over
one sample can vary widely if the application method is not CIOSeIy controlled. We choee
tO Spin on Our resist coatings a“d fo””d it important to not all~~ the re~i~t tO sit .~ ~
previous layer for more than a few seconds, and to spin each coating for a full 30
seconds. This method maintained a thickness uniformity per sample to within t 10% and a
batch to batcb uniformity also within i 10%. 6 As a matter of procedure, all thick
photoresist measurements of thickness following the pcebakefilms underg6 prokilometer



and prior to exposure.

22i-d9

Resist Brittleness. Positive photoresist is found to be quite brittle following
prebake. This brittleness, a result of the mechanical and thermal properties of ttie
Novalak resin making up the positive resist, will cause it to crack if subjected to undue
thermal or mechanical stress. Figure 4 shows a positive photoresist film that was

.

Figure: d.- Vechani ..1 and thermal stresses can cause ultrathick
positive pbotoresist to crack. The bleached image
of the zone Plate is visible in the pho.toresist.

intentionally subjected to tbecmal stress following exposure. The long narro!$
the film can be seen along with the bleached image of the zone plate pattern.

...

cracks in

We found that for photoresist films thicker than 15-18um, there was sufficient the~mal
and mechanical stress in the spray developer technique to produce resist cracking as.
shown. In addition, resist cracking was found to occur during vacuum contact printing
for resist films having severe surface non-uniformities (i.e. high spots) . The
mechanical stress associated with the vacuum contact photomask would cause the resist
layer to shatter during or prior to IN exposure.

Photoresist cracking, once it occurs renders a sample virtually useless. Nevertheless,
the problem is easily controlled through the use of immersion (rather than spray)
development procedures, and proper screening of photoresist samples to reject those.with
undue surface roughness. ●

Long Exposure Time. It is not Uncomwon for pattern replication in dtrathick
photoresist to require W exposure times on the order of one hour. Such long expo~”re
times, while only a minor inconvenience for our zone plate application, could represent a
serious limitation to production rates in an industrial environment. Since for the ,.
Diazo-type pesitive photoresists the UV absorption length is of order l!AII,uv energy is
initially absorbed only near the top of the film. Only when tbe photoactive part df the
photoresist in this thin layer is bleached can the UV penetrate to underlying resist
layers. (The pbotoresist resin, wbicb is not bleachable only contributes slightly: to UV
absorption) .6

Models have been proposed which adequately describe the exposure and development :
schedules for positive photoresists. In such models the uv sensitive photoactive
compound is considered to b: an inhibitor which prevents tbe alkaline developer from
dissolving <he photoresist. When the inhibitor absorbs W, it undergoes a chemical
change leading to the formation of an acid which is soluble in the alkaline developer.
Quantitatively the destruction of the inhibitor by W light can be expressed: ,..

. I(x,t) - exp - [Bx + A ~ M(x’, t)dx’l (1)
., 0

----- t
M(x,t) = exp - J CIoI(x, t’)dt’ (2)

. “ . . . . . .._

where:
I(x,t) = W intensity (normalized to 1)
M(x,t) = fractional inhibitor concentration ..”

I = incident W intensity
~ j cl;~5~~ ~~g the film .’

. ..

.,,’ .

. ..
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A = inhibitor absorption’~oef ficient
B = resin absorption coefficient 7(um

.$’) ,

C = inhibitor dec y rate per uniti
inten,ity ~cm?,mj~ i

Equations (1) and (2) have been Si@ved * R@Jnberger et. al. for photoresist thick-
nesses up to 2pm. 10 we have “~ed ~w=ic~ i“r, a+grationto extend those SOIUtiOns tO

thicknesses up to 100um with an inciide”k!uv intensity of IOjmJ/CIT12at A- 4047A
following values were used for the.’doefficient~

The
A . 1.055pm-1, B = 0.0 4um-i,

!:C = 0.02cm2/mj for tbe Shipley Az ~sist.mnd r++ 1.184pm-1, B = 0.069 um- ,
C = 0.17cm2/mj for the Kodak 809 resist.**] ] .j i

Tbe results of these calculations’;are prdsc?ntdd in Figures 5 and 6. Plotted are

10,000

10 I
010 2030405060 70 so

Figure 5.

exposure time

RESIST THICKNESS(urn)

Calculated exposure time
required for Shipley A’j

The curve~l?o~ ~“~wfi )“
resist.

and O.8 are nearly c~in-
cident with tbe above
curve for M = 0.4.
Several experimental
points are also plotted.

10,00[

1.000

Igll

10

/ ‘:4

8 UU/MIN(OEVELCWWWRA,E)

/
KODAK809 RES!ST

L“
0 102030 w 506070 W

RESIS?THICKNESS(urn)

Figure 6. Calculated exposure time
required for Kodak 8092
resist. (I = 10mw/cm ).
The curves ?or M = O.6
and O.8 are nearly coiri-
cident with tbe above :
curve for M = 0.4. TWO
experimental points are
plotted.

versus resist thickness for Inhibitor concentration reductions to O.4 for
two positive pbotoresists, Shipley AZ and Kcdak 809. (A photoresist with inhibitor
concentration of 0.4 is considered to be heavily exposed.)12 Note that a 50um film of
tbe Shipley AZ resist requires an exposure of -2 hours, using a 10mw/cm2 w source
while the Bame thickness of Kodak 809 requires an exposure of -1 hour. This is due
primarily to the higher resin absorption coefficient (B) of the Shipley AZ photoresist.
Several experimental points are plotted in Figures 5 and 6 and tbe observed development
rates are indicated. These rates, in tbe range 3-8v/min. are in agreement with results
reported by others. ]1

Major Problems

Microfractures. Pattern replication in photoresist films having thicknesses in tbe
range 7-15pm can be successfully achieved by following a processing schedule which
includes a final 30 minute prebake at 90 ‘C just prior to LJVexposure. However, when
photoresist thickness is increased to greater than 15-18unl serious problems are found to
arise during W exposure. Thee.e prOblemB take the form of microscopic “bubbles” cm
“fractures” occuring throughout the .volw of .t.ba.photoresist. Figure 7 is an optfcal

● * Reference to a company or product name does not imply approval or recommendation Of
the product by the University of Califor’AiE @ ttk U.S. Department Of Ener9Y tO the
exclusion of others that may be suitable,l..~~?“~.E”._: .$.

,.

.. . .. . .
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TABLE11

PHOTDRESISTCOATINGPROCEDURE

THICKNESS VISCOSITY # OF COATS RPM

3“. 31CS 1 1500
6 94 1 1000
19 31 2 1000
15 94 2 1000
21 94 3 ]000
30 94 4 1000
42

. 94 5 1000
54 94 6 1009

Table III and plotted in Figures 5 and 6. A UV source intensity of 10mu/cm2 was used

TABLE111
—

EXPOSURE-DEVELOPMENTSCHEDULESHI?LEV.!2RESIST
,.,,

THICKNESS EXPOSURE !lEVELOPMENT

3um 0,5 HIN 0,75 MIN

6 1.3 1.2

10 2.5 1,8

18 5,0 5.5

24 12.0 4.0

24 (KODAK809) 8,0 3,0
29 30,0 7.0

40 60,0 12.0

50 (KoDAK_309) .60,0 12,0

for exposure. This W source was a mercury short arc lamp with emission lines at 365nm,
405nm, and 436nm. The intensity was measured with a sensor whose peak response was
centered around the 405nm emission line where the photoresist is most sensitive. An
‘adequatem exposure, defined as one producing an average ~evelopment rate of 3-8pm/m in,
was used. Photoresist films less than 18um thick were spray developed, while thicker
films were immersion developed to avoid photoresist cracking. Following development the
high aspect ratio pbotoresist patterns are ready for use as electroplating molds for gold
Fresnel zone plate fabrication.

Summary and Conclusions

The need for coded apertures for high energy x-ray imaging has motivated the
development of methods for pattern replication in ultrathick positive photoresist. We
have identified a number of problems associated with the use of thick layers of the

. positive photoresists used by the integrated circuits industry, and have developed a
ser ies of specific processing procedures for films in the 7-40um thickness range. We
were limited to Tr < 40wn by the formation of micro fractures within the bulk of the
resist. Photoresist patterns greater than 40um thick will require replication methods
other than UV lithography. Two appcoacbes appearing to have promise are x-ray
lithography and reactive ion beam etching.

Acknowledgments
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. Figure 7.
a--...—.

Photograph of 25vm film of resist following UV exDosure.
Micro fractures form in the heavily exposed are; the
film. The bleached image of the zone plate is
visible. -.,

as ;f
also

micrograph exhibiting the micro fracture problem in a UV exposed sample of 25um thick
photoresist. (The zone plate pattern is bleached into the photoresist by the UV
exposure) . Photoresist samples which develop microf ractures during UV exposure cannot be
used for high precision pattern replication. They are highly unstable during development
and linewidth accuracy cannot be maintained.

The micro fracture problem can be controlled in photoresist films 15-40um thick by
careful manipulation of the prebake schedule. It was found, for example, that for
photoresist films -18-24um thick a final prebake for 16 hours at 70 ‘C would eliminate
the occurance of micro fractures during ov exposure. This schedule had to be altered for
photoresist films -24-40um thick. For such films strict adherence to the following
schedule was necessary to eliminate tbe occucance of micro fractures: final prebake for
10 hours at 85 ‘C, followed by a controlled humidity environment for 3-5 hours at
45-50% relative humidity at 22 ‘C, followed by immediate UV exposure. The controlled
humidity environment was found necessary to regain resist UV sensitivity after the long
85 ‘C prebake. However, increases in the time or humidity of the controlled humidity
environment would cause the micro fractures to reappear during UV exposure.

For photoresist film thicknesses in excess of 40um the delicate balance between
extended prebake to eliminate micro fractures and controlled humidity environments to
regain resist sensitivity became very difficult to maintain. Success rates for pattern
replication dropped below 5% and results were in general non-reproducible. A detailed
parametric study of the causes of micro fracture formation in ultrathick photoresist films
has not been undertaken. Hm.ever, the resist behavior as described in the preceding
paragraphs is not inconsistent with what is already known about the properties of
positive photoresist. The,~volution of nitrogen during wv exposure of positive
photoresist is well known. It is possible that for a resist thickness sufficiently”
greater than the diffusion length for the evolved nitrogen, gas buildup produces sizeable
internal stresses that lead to the formation of microfractures. (A short Appendix is
devoted to a discussion of this mechanism. ) Extended prebake schedules may serve to
control micro fracture formation either by reducing the rate of nitrogen evolution during
UV exposure or perhaps by strengthening the photoresist making it less susceptible to
rupture. However, the possible affects of trapped solvents on microf ractwe formation
should not be discounted, although a precise mechanism has not been identified. The
importance ~;,~70 in the phogo-chemical reactions that take place during UV exposure is
well known. So then, the importance of humidity conditioning to replenish moisture
content (which had been driven off by an extended prebake) and thereby regain uv
sensitivity is consistent with our expectations of positive photoresist behavior.

. Finally, the loss of WV sensitivity in positive photoresists as a result of extended,
high temperature prebake is also well knownl2 and could explain the unrecoverable loss of
UV sensitivity in some of the films we worked with.

Sidewall Taper. In tbe fabrication of high aspect ratio (~ line height/line width)
microstructure, the verticality of the pattern sidewalls is a carefully monitored
parameter. Although sidewall verticality is not critical to t~$ proper functioning of
thick micro-Fresnel zone plates in coded imaging applications, it may be important in
other applications of high aspect ratio structures and the affect of resist thickness on
this parameter is worthy of discussion.



Militating against the maintenance of sidewall verticality in photolithograph ically pro.
duced structures are diffraction effects which spread the UV light after it passes through
the narrow linewidth photomask. For pattern replication in thin resist (Tr<<a2/A)
diffraction effects can be controlled hy Inai”tena”ce of intimate contaCt between the
photomask and resist surface. Various techniques have been developed to enhance
photomask contact and thereby improve pattern linewidth control and sidewall taper! 7
However, pattern replication in ultrathick photoresist (Tr _ a2/A) “i~~ Suffer from
diffraction effects even when ideal photomask contact is achieved. The (IVliqht is
diffracted into the thick resist layer producing a complicated, three dimen~~ona~ pattern
of exposure. The ultimate geometry. of the resdting resist structure will depend On this
three dimensional exposure pattern In addition to development effects such as the
nonlinear dependence of resist development rate on exposure level and the variation of
contact time (between developer and resist sidewall surface) with depth in the resist.
Detailed computational models exist which, taking into account all these effects, can
provide accurate estimates of the ultimate resist geometry under these conditions! ‘
However,. such an analysis is beyond the scope of this presentation. Our messege here is
simple and twofold: First, we observe experimentally for photoresist thicknesses
Tr 2.0.2a2/.4 sidewall taper becomes a sign ificzmt problem. Secondly, the problem of
sidewall taper is fundamental, associated with the physical effects of diffraction,

.
and

cannot be mitigated significantly by tbe mere alteration of resist processing schedules.
In order to increase resist pattern thickness while maintaining sidewall verticality the
choices are simple: increase pattern linewidth, a, or decrease exposure wavelength, i,
(e.g. x-ray lithography) ,1g or, elect an alternate pattern replication process. (e.g.
reactive ion beam etching) ?0

Figure 8 illustrates a 24um thick gold Fresnel zone plate wt was electroplated in a

Figure E. SEM micxograph of a 24Pm thick gold micro-Fresnel &ne
plate showing a sidewall t~per of approximately 85 .
For this sample, T= = o.~a /~.

24pm resist mold having some sidewall taper. The sidewall angle shown is 85°.
case Tr - .1 a2/i.

In this

Processing Procedures and Schedules

All of the pbotoresist films used in this study were spin applied to substrates.
multiple coats were used,

When
a 15 minute air dry and 15 minute prebake at 90 ‘C was used

between coats. Table II lists numbers of coats , resist viscosities and spin speeds
necessary to achieve various pbotoresist thicknesses in the range 3-54um.

Follcwing resist application and edge bead removal, each sample underwent a final.
prebake. Photoresist samples less than 18pm thick required a one half hour p~ebake at

. qo 0,-. Samples 18-24um thick required an extended prebake of 16 hours at 70 ‘C to
prevent micro fracture formation as discussed above. Samples 24-40um thick required a
prebake schedule of 10 hours at S5 ‘C followed by a 3-5 hour recovery period in a
45-50% relative humidity environment at 22 ‘c. For samples greater than 40um thick
micro fract”re formation (during uv exposure) could not be reproducibly prevented using
simple prebake and humidity conditioning techniques.

Photoresist exposure and development times for a number of thicknesses are 1isted in
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Appendix

NitrOgen pressure Buildup in Ultra thick Photoresi Bt D“fing uv Expo=u=e. The *~llwing
brief discussion provides a rather simple model and plausibility argument for the buildup
of sizeable internal gas pressure during tbe I-IVexposure of ultrathick phot0re=i6t.
Although this may be a contributing mechanism to the formation of micro fractures, a
systematic experimental test of this model has not been pursued and other possible ca~~e~
of the mlcrofractures should not be excluded from consideration.

We consider the W exposure of a thick photoresist layer after a time sufficient for
the photoactive compound to have been bleacheclB~own to depth L> w 1 .
W intensity reaching depth L is of order I ~

At this time the
and it is absorbe~ by the unbleached

inhibitor over a short distance of order I ? Assume that the absorption of each ~
photon liberates an N mOlecule which cOnt~ibutes to a dlffuslon current (driven by the
b“ild”p of the local ~, pfessure) originating at the thin UV absorption Iaye= and
traveling through the resist thickness L to its surface. In the steady state, a pressure
gradient is required to drive this current of nitrogen molecules through the resist.
resultant pressure gradient is proportional to the particle current and inversely

The

proportional to the diffusion coefficient; estimates~ 1 indi~at= that
. of 1 atmosphere/um is required to drive a particle current of --4 x 10?5pressure grad~ent

~il+ecu&s/~ sec.The current density arising f~om W exposure will be proportional to I e .

‘Stlmate ‘hat ‘0= 1 1610mu/cm
and2L - loum the resulting steady state ?article current

would be of order 18 moleculee/cm /sec. , and the steady state condition would be
established on a time scale of seconds. So then, under these conditions, “e
anticipate the establishment of an internal nitrogen pressure gradient of a few
atmospheres/um. Over a distance of 4-5Pm a pressure increase of 10 atmospheres can
easily be achieved (arbitrarily define L to be the distance associated with such a
pressure increase) , and for resist thick~ess T >>ld we anticipate that the internal
pressure buildup can begin to threaten tbe phy~ical integrity of the photoresist.

N; M. Cegl
lser Fusion

.. _=.._ _.
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